Background: An early prediction of poor outcomes is essential in the management of patients after a
Introduction
A liver resection is the only potentially radical treatment modality in patients with metastases from colorectal cancer. Initially, it was offered only to selected patients according to the number and distribution of lesions. 1 However, the criteria for choosing resection have significantly evolved in recent years, and currently, the possibility of oncologically radical removal of all lesions with special consideration of the future hepatic remnant volume determines a patient's eligibility for resective surgery. 2 This aggressive approach in the treatment of patients with metastatic colorectal cancer is supported by recently reported 5-year overall and recurrence-free survival rates of 45.2%-58% and 15%-26.2%, respectively, similar to or higher than the rates in the period of stricter qualification. [3] [4] [5] The previously reported post-operative mortality and morbidity rates associated with a liver resection vary widely from 0% to 8.2% and 14.4% to 47.0%, respectively. [6] [7] [8] [9] [10] [11] Pre-and operative factors leading to an increased risk of death in the immediate post-operative period have been extensively investigated and include the presence of selected comorbid conditions or a high Charlson comorbidity index, patient's age, pre-existing liver dysfunction, operative blood transfusions and extent of liver resection, among others. 7, 8, 12, 13 Given the relatively stable mortality rates and a tendency towards increasing morbidity rates, 3 early prediction and the management of post-operative complications is crucial for the improvement of short-term outcomes. Considering pre-operative factors, significant predictors of morbidity include the American Society of Anesthesiologists score, increased body mass index, smoking and selected biochemical parameters, among others. 7, 11, 14 Although pre-operative risk stratification based on these factors is useful in the evaluation of a patient's eligibility for a liver resection, the prediction of morbidity and mortality based on post-operative factors is potentially more accurate, as such factors reflect the combined influence of pre-operative status and intra-operative course. Therefore, several post-operative risk scores were established previously. These include definitions of post-hepatectomy liver failure: peak post-operative serum bilirubin >7 mg/dl; 15 the '50-50 criteria' (serum bilirubin concentration >50 mmol/l and prothrombin time <50%); 16 and a score recently proposed by the International Study Group of Liver Surgery [ISGLS criteria, increased serum bilirubin concentration and INR (international normalized ratio)]. 17 Notably, both the '50-50 criteria' and ISGLS definitions are based on evaluation of serum biochemical tests performed no earlier than post-operative day (POD) 5.
There are few up-to-date studies concerning normal fluctuations of biochemical blood parameters after a liver resection. According to Reissfelder et al., serum bilirubin, the (INR), and activity of aspartate (AST) and alanine (ALT) aminotransferase usually return to normal values during the first 5 to 7 postoperative days after an immediate post-operative increase. 18 However, significant differences regarding some of these factors, particularly serum bilirubin, may be observed as early as POD 1 between patients with and without post-operative complications. The aim of this study was to evaluate the prognostic significance of the serum bilirubin concentration, INR, AST and ALT on POD 1 for mortality and morbidity after a liver resection, with a special focus on the occurrence of hepatic complications.
Methods
This retrospective cohort study was based on data from 236 patients after a major liver resection for colorectal metastases performed between January 2006 and March 2011 in the Department of General, Transplant and Liver Surgery, Medical University of Warsaw (Poland). Major resections were defined as removal of three or more segments according to Couinaud's divisions. Patients undergoing a liver resection combined with radiofrequency or crioablation (n = 10) procedures were excluded. The exact details of the pre-operative assessment and operative technique were previously reported. 19 Briefly, all patients underwent ultrasonography, computed tomography and/or magnetic resonance imaging for evaluation of liver pathology and volume of the remnant liver post-hepatectomy. The minimum volume of the remnant liver in patients considered eligible for a liver resection was approximately 30%, depending on the results of pre-operative biochemical tests and quality of liver parenchyma assessed intraoperatively. The Pringle manoeuvre was used selectively when faced with increased bleeding. The serum bilirubin concentration, INR and activity of AST and ALT were evaluated routinely on POD 1 (12-18 h post-operatively), and again in most patients, on PODs 2-3. At later post-operative times, these biochemical tests were performed at various time intervals, depending on the post-operative course.
Both in-hospital and 90-day mortality rates were calculated, with the second being one of the primary outcome measures. Others included occurrence of overall and hepatic complications, a group comprising post-operative liver failure, delayed recovery of liver function, biliary leak and subphrenic abscess. Patients with post-operative liver failure were defined as those with peak serum bilirubin levels exceeding 7 mg/dl, while delayed recovery of liver function was defined by occurrence of any of the clinical signs of liver insufficiency with a peak serum bilirubin level below 7 mg/dl.
Associations between serum bilirubin concentration, INR, and activity of AST and ALT on POD 1 with overall and hepatic morbidity, as well as with 90-day mortality, were evaluated in univariate and multiple analyses. Moreover, univariate analyses were performed using logistic regression with splines functions for quantitative variables. Multiple logistic regression analysis [Logistic Procedure of the SAS System (SAS Institute, Cary, NC, USA)] and generalized additive models (gam function of S-Plus) were used to assess independent biochemical predictors of overall/ hepatic complications and death within the 90-day post-operative period. Receiver operating characteristics (ROC) curves were used to indicate approximate cut-off values for independent predictors. Sensitivity and specificity rates, as well as positive (PPV) and negative (NPV) predictive values, were estimated. Hazard ratios (HRs) and areas under the curves (AUCs) are presented with 95% confidence intervals. The Mann-Whitney U-test was used for AUC comparisons. SAS System v. 9.3 and S-Plus v. 6.1 were applied for computing statistical analyses. The level of statistical significance was set at 0.05.
Results
Baseline characteristics of the study cohort are shown in Table 1 . The overall morbidity rate was 28.0% (66 of 236), including the 18.6% (44 of 236) rate of patients developing hepatic complications. More specifically, postoperative liver failure occurred in 8 (3.4%) patients, delayed recovery of liver function in 26 (11.0%) patients, biliary leak in 12 (5.1%) patients, and subphrenic abscess in 2 (0.8%) patients. In-hospital and 90-day mortality rates were 2.1% (5 of 236) and 4.7% (11 of 236), respectively. The exact causes of death were only known for patients who died during post-operative hospitalization and included the following: post-operative liver failure in two patients and sepsis and peri-operative bleeding in one patient each. The fifth patient died during implantation of a Y-graft due to peripheral emboli.
Univariate and multiple analyses of the associations between biochemical parameters on POD 1 and the 3 main outcome measures are presented in Table 2 . According to the spline functions derived from generalized additive models, all of the observed associations were of a linear nature (all P for non-linear associations > 0.05; Fig. 1 ).
Regarding hepatic morbidity, areas under the ROC curves were 0.780 [95% confidence interval (CI), 0.698-0.862] for the predictive model based on both serum bilirubin concentration and INR, 0.737 (95% CI, 0.645-0.828) for the model based only on serum bilirubin concentration, and 0.714 (95% CI, 0.624-0.804) for the model based only on INR. Area under the ROC curve for the model predicting hepatic complications based solely on serum bilirubin concentration was statistically non-inferior to those based both on serum bilirubin concentration and INR (P < 0.162). Therefore, this model was chosen for the prediction of hepatic complications, with an approximate cut-off value of 2.05 mg/dl of serum bilirubin, providing a sensitivity of 69.2%, specificity of 71.2%, PPV of 39.1% and NPV of 89.7% (Fig. 2) . Similarly, there were no significant differences between the prediction model based on both serum bilirubin concentration and INR (AUC, 0.749; 95% CI, 0.672-0.827) and the model limited to only serum bilirubin (AUC, 0.690; 95% CI, 0.604-0.776) with respect to overall morbidity (P < 0.099). The prediction of overall morbidity based on serum bilirubin concentration exhibited a sensitivity of 61.1%, specificity of 71.2%, PPV of 44.0% and NPV of 83.2% for values equal or over 2.05 mg/dl (Fig. 3) . Finally, regarding the prediction of 90-day mortality, the area under the ROC curve for the model based on AST activity was 0.644 (95% CI, 0.353-0.936) with a sensitivity of 62.5%, specificity of 90.4%, PPV of 20.8% and NPV of 98.3% for values equal or over 798 U/l (Fig. 4) . Notably, the prediction model for 90 day-mortality based on both AST and ALT was not associated with any significant benefits compared with the model based only on AST (P < 0.141).
Eight patients fulfilled the criteria of post-operative liver failure according to the definition based on peak serum bilirubin concentration over 7 mg/dl, and two patients fulfilled the '50-50 criteria' on POD 5. The sensitivity for the prediction of hepatic morbidity, overall morbidity and 90-day mortality was approximately three-fold higher for the criteria based on peak serum bilirubin concentration compared with the '50-50 criteria,' with similar specificity. Details concerning comparison of these two different criteria are presented in Table 3 .
Discussion
The results of this study highlight the previously underestimated role of biochemical parameters on POD 1 in the early prediction of poor outcomes after major resections for colorectal liver metastases. Notably, effective biochemical predictors were different for morbidity and mortality. While serum bilirubin and INR were associated with the occurrence of hepatic and overall complications, post-operative mortality was best predicted by AST activity, with the serum bilirubin concentration not reaching significance. This finding was rather unexpected, given that the activity of transaminases was not considered in post-operative mortality risk scores, such as those proposed by Mullen et al. on the basis of peak serum bilirubin levels, 15 the '50-50 criteria' by Balzan et al. 16 and in a definition of post-operative liver insufficiency published by the International Study Group for Liver Surgery. Considering the prediction of hepatic and overall complications, both the serum bilirubin concentration and INR on POD 1 retained significance in a multiple regression model. Given that INR values are potentially influenced by peri-operative plasma transfusions, prediction models based solely on serum bilirubin concentration were compared with models including both of these parameters. The results of this comparison indicated noninferiority, and thus, the bilirubin-only prediction was considered in further analyses for both outcome measures.
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Notably, the empirically established predictive cut-off value for serum bilirubin concentration on POD 1 >2.05 mg/dl regarding both hepatic and overall morbidity, and for serum AST activity >798 U/l regarding 90-day mortality did not allow precise discrimination between patients with poor and uneventful post-operative course. Nevertheless, these cut-off points exhibit moderate sensitivity and specificity and might be useful in stratifying patients into low-and high-risk groups as early as POD 1 for particular outcome measures. Because these results originate from a series of patients treated in a single centre and the number of end-points was limited, external validation is obviously essential to adequately assess their clinical significance in terms of prevention, early diagnosis and the management of particular events.
Short-term outcomes of patients in this series are similar to those reported by other authors. [7] [8] [9] [11] [12] [13] [14] [15] [16] 20 In one of the previous studies based on an unselected series of 1005 liver resections performed in the Department of General, Transplant and Liver Surgery at the Medical University of Warsaw, overall morbidity and mortality rates were 22.1% and 1.4%, respectively. 19 Although several studies have reported zero or near-zero mortality after a liver resection, most of these report only in-hospital or 30-day rates. 6, [21] [22] [23] Of note, in-hospital mortality was more than two-fold lower compared with the 90-day rate in the present series. Therefore, all deaths occurring during the 90-day post-operative period should be considered in the evaluation of mortality rates, as this allows a more precise comparison between different studies and avoids underestimation of rates. Of note, this observation is in line with those of other reports focused on short-term outcomes after a liver resection. 9, 14, 15, 24 There are two main methodological advantages of the present study. First, it was performed on a rather homogenous group of non-cirrhotic patients only after major liver resections for colorectal metastases. Second, although the design was retrospective, biochemical parameters included in the analyses were performed routinely on POD 1 in all patients. This minimizes potential selection bias that could affect analyses of these parameters on later post-operative days.
Out of three main definitions for post-hepatectomy liver failure, criteria based on peak bilirubin >7 mg/dl were applied. These were proposed by Mullen et al. based on a large series of non-cirrhotic patients after a major hepatectomy, a cohort similar to those included in the present study. 15 Conversely, the '50-50 criteria' were initially created in a slightly more heterogeneous group of patients. 16 Although both were highly specific, the rate of sensitivity for predicting 90-day mortality was rather low. Nevertheless, comparison of these two criteria revealed that the definition used in this study was approximately three times more sensitive regarding mortality rate than the '50-50 criteria' on POD 5. This may be partly related to the previously mentioned similarity between the cohorts of patients included in this study and those studied by Mullen et al. 15 However, our results obviously do not rule out the potential superiority of the '50-50 criteria' in more heterogeneous groups.
The limitations of this study are mainly related to its retrospective approach. Accordingly, to avoid both under-and overestimation, complications were not stratified according to Clavien-Dindo classification. 25 Second, although the study cohort was relatively homogenous with respect to the extent of resection and histopathology of the non-tumoral liver, the small number of specific events precluded more complex prediction regarding these two important factors. Moreover, multiple logistic regression analyses used to evaluate independent predictors of 90-day mortality might have been biased by the low number of events. As Table 3 Comparison of the criteria for post-operative liver failure based on peak post-operative serum bilirubin > 7 mg/dl and '50-50 criteria' on post-operative day 5 in the prediction of hepatic morbidity, overall morbidity and 90-day mortality this particular selection process was based only upon bivariate analyses, the absolute number of events per variable was 5.5 (11 deaths observed during the 90-day period). Considering the minimum of five events per variable reported in epidemiological studies, 26 multiple logistic regression was in this case slightly above the verge of applicability. Therefore, models based on both AST and ALT (the second significant factor in univariate analyses) activity and solely on AST activity were compared. The lack of significant differences additionally supported the choice of AST as a predictor of 90-day mortality.
In summary, the serum bilirubin concentration and activity of AST on post-operative day 1 allow stratification of patients into low-and high-risk groups of morbidity and mortality after a liver resection, respectively. These results provide additional tools for early prediction and management of poor outcomes after a hepatectomy for colorectal metastases. 
